Abstract
Introduction

62
Dioecy, in angiosperms, may result from two sex-determining mutations, a recessive male-63 sterility mutation and a mutation at a linked locus causing the loss of female functions [1] . If 64 both these partially linked mutations establish polymorphisms [1, 2] , closer linkage between 65 the two sex-determination loci is favored by selection, to maintain the correct combination of 66 mutations, and avoid sterile recombinants. This may explain the suppressed recombination 67 that characterizes sex chromosomes. The time since recombination stopped in the sex-68 determining region defines the age of the sex chromosome system, and it is also of interest to 69 know whether a single recombination suppression occurred, or multiple events, resulting in 70 several evolutionary strata having evolved, as has occurred in mammals, Silene latifolia, and 71 Papaya carica [3, 4] . Dioecy and sex chromosomes have evolved repeatedly and 72 independently in different plant taxa [5, 6, 7] . However, only a few systems have been 73 described in detail. Understanding sex chromosome emergence during the evolution of 74 dioecy, leading from hermaphroditism to the occurrence of male and female sterile 75 individuals, is therefore of major fundamental interest, with many potential agronomic 76 applications. 77 The genus Phoenix (Arecaceae, Coryphoideae, Phoeniceae) includes fourteen dioecious 78 species, distributed from the Atlantic islands throughout the Mediterranean region, Africa, 79 Middle East, and as far as southern Asia to the northwestern Pacific [8, 9, 10] . 80 DNA sequence divergence from other palm genera is high [11, 12] , and it has been suggested 81 that the genus Phoenix might possess an ancient sex chromosome system [20] . The tribe 82 Phoeniceae is sister to the predominantly hermaphroditic tribe Trachycarpeae [13] , but is 83 distinguished by several morphological differences [10] , and the divergence time is estimated 84 to be around 49 ± 16 mya [14] . Assuming a single origin of dioecy in Phoenix, this date gives 85 an upper bound to the age of the sex-linked non-recombining region. Interspecific 86 relationships within Phoenix were studied by Pintaud et al. [15] [17] and the species has an XY sex chromosome system [18, 19, 20] We used sex-linked markers identified in P. dactylifera [20] to study eight other species, and 109 found that one sex-linked MYB gene, PdMYB1, was present in seven of the studied species.
110
Our results provide strong evidence that sex evolved before the appearance of the extant 111 species of the genus Phoenix. 
Material and Methods
113
(a) Plant material 114 Nine of the 14 Phoenix species were studied, mainly from natural populations (including 64 115 males and 70 females). Three species with large samples in our study are widespread: Phoenix 116 dactylifera (34), P. reclinata (10), P. sylvestris (18) , while three species have restricted 117 distribution: P. atlantica (17) , P. canariensis (21) Figure B ). All sequences were amplified 149 from genomic DNA, using Taq polymerase (GoTaq G2 DNA Polymerase, Promega). and eastern male alleles of P. dactylifera [20] were used as a reference.
167
(e) Genetic analyses Taken together, these results indicate that the sex-linked region bearing the mPdIRDP80, 262 mPdIRDP50 and mPdIRDP52 loci is highly conserved throughout the genus.
263
Consistent with this conclusion, R st values [25] (Table 1 and electronic supplementary   264 material, Figure 1) of males and females ( Figure 3) . Thus, as for P. dactylifera, these three loci showed sex 269 linkage in the additional studied species.
270
(ii) Heterozygosity at the sex-linked loci 271 All males of each Phoenix species analysed were heterozygous (Y allele /X allele ) for all three P. Table   276 5), in line with previous reports for X-linked SNPs in date palm females [19] . 277 Overall, these results demonstrate that the XY chromosome system previously observed in P.
278
dactylifera is also present in the eight other Phoenix species studied here. as in P. dactylifera [20] . Moreover, the mPdIRDP80 and mPdIRDP50 microsatellite loci are X and Y alleles are needed (ideally for multiple genes, to test whether different strata exist).
297
The microsatellite loci do not provide such an estimate. One gene is, however, now available. roebelenii) ( Figure 6 ). In the eastern lineage, the P. roebelenii group appears divergent from 327 the P. sylvestris and eastern P. dactylifera groups and has private Y haplotypes. The two male 328 lineages within P. dactylifera were previously identified [20] . 
